Traits that cause assortative mating such as the £owering time in plants and body size in animals can produce reproductive isolation between hybridizing populations. Can selection against un¢t hybrids cause two populations to diverge in their mean values for these kinds of traits ? Here I present a haploid analytical model of one population that receives gene £ow from another. The partial pre-zygotic isolation between the two populations is caused by assortative mating for a trait that is in£uenced by any number of genes with additive e¡ects. The post-zygotic isolation is caused by selection against genetic incompatibilities that can involve any form of selection on individual genes and gene combinations (epistasis). The analysis assumes that the introgression rate and selection coe¤cients are small. The results show that the assortment trait mean will not diverge from the immigrants unless there is direct selection on the trait favouring it to do so or there are genes of very large e¡ect. The amount of divergence at equilibrium is determined by a balance between direct selection on the assortment trait and introgression from the other population. Additional selection against hybrid genetic incompatibilities reduces the e¡ective migration rate and allows greater divergence. The role of assortment in speciation is discussed in the light of these results.
INTRODUCTION
Reproductive isolation is caused by a variety of mechanisms that discourage heterotypic mating or decrease hybrid ¢tness (Mayr 1969 ). Assortative mating, in which individuals with similar phenotypes tend to mate with each other, can act as a pre-mating barrier. It is frequently based on body size, morphology and habitat choice in animals, while in plants the same role is often played by the £owering time and £ower morphology. These kinds of characters, which I call assortment traits, automatically produce assortative mating whenever they vary phenotypically in a population. Assortment traits prevent hybridization between populations and species in some groups (see, for example, Stebbins 1950; Ratcli¡e & Grant 1983; Schluter 1996) .
In a classic paper, McNeilly & Antonovics (1968) found that populations of grasses growing on an abandoned mine site £owered earlier than populations in a pasture just a few tens of metres away. The mine site was contaminated with high concentrations of heavy metals and the movement of pollen and seeds between the mine and pasture populations had introduced genes that were poorly adapted to the local soil conditions. McNeilly & Antonovics (1968) suggested that the di¡er-ence in £owering time might have evolved not because of direct selection on that trait, but rather as an adaptation to reduce gene £ow between the mine and pasture populations.
The potential of an assortment trait, such as the £ow-ering time, evolving as a reproductive barrier between two hybridizing populations has been studied theoretically by several workers using simulations (Maynard Smith 1966; Crosby 1970; Dickinson & Antonovics 1973; Endler 1977; Caisse & Antonovics 1978; Felsenstein 1981; Kelly & Noor 1996; Servedio & Kirkpatrick 1997; Servedio 2000) . One consensus that emerged from this work is that adaptation to local conditions (such as soil type) can cause populations to diverge for a selectively neutral trait that causes assortative mating (such as the £owering time). This conclusion has intuitive appeal since it seems reasonable that a character that preserves adapted genes or gene combinations will be favoured by selection. Ultimately, we might expect that this process could establish enough pre-mating isolation to cause speciation, which is an example of what Dobzhansky (1940) called the process of reinforcement.
This paper develops an analytical model for the evolution of an assortment trait in one population that receives gene £ow from another. It assumes that there is a pre-existing mechanism that automatically generates a phenotypic correlation in the assortment traits of mates (for example, early £owering plants mate with each other more often than early £owering plants mate with late £owering plants). The question posed here is how much the means of the trait will diverge in two populations as a consequence of selection against hybrids (see ¢gure 1). A separate issue is how the strength of the correlation evolves. That topic has been studied theoretically by Endler (1977) , Kelly & Noor (1996) , Servedio & Kirkpatrick (1997) and Servedio (2000) .
The results from my model suggest that a selectively neutral assortment trait will generally not diverge in the two populations as an adaptation for decreasing hybridization. Divergence only occurs when there is direct selection on the assortment trait to do so or when individual genes have large e¡ects on the hybrid ¢tness and the strength of assortative mating. The impact of selection against hybrids is simply to reduce the rate of genetic introgression, which enhances divergence between the populations when the assortment trait is directly selected to do so. The reasons behind the di¡erences between these conclusions and those of previous studies will be discussed.
THE MODEL
The model is of a trait that causes assortative mating and an additional set of genes that cause immigrants and hybrids to have low ¢tness. The model is quite general in several regards, for example it allows for any form of assortative mating and any form of selection against hybrids. It also allows for the possibility of natural or sexual selection acting on the assortment trait. The main restrictions are that the population is haploid (so the e¡ects of dominance cannot be studied) and that the genetic changes in each generation caused by selection and migration are small.
The mean of the assortment trait at the start of the generation is T. The genetic variation in the trait is caused by one or more loci, and this set of genes is denoted by T. These genes can have any distribution of e¡ects on the trait and any linkage relations, and are assumed to have additive e¡ects. There are two alleles at each locus, named 0 and 1, and the frequency of allele 1 at locus i is denoted p i . The model applies equally well to a trait determined by a single locus as to a polygenic trait. In the case of a single locus, T could be de¢ned as the average phenotype in the population or as the allele frequency ( p) at the locus underlying the trait. An individual's phenotype can include a non-heritable component caused by environmental e¡ects. For simplicity, the model assumes that the trait is expressed and selected equally in both sexes (or that the population is hermaphrodite), but it could easily be extended to allow for di¡erences between the sexes. The trait's additive genetic variance is denoted by G. If the variation is caused by only a single locus, the genetic variance is simply p(1 ¡ p).
I assume that the strength of the assortment is ¢xed. The strength of the assortment is conveniently measured as the correlation (») between the values of the assortment trait in mated pairs. Random mating produces a value of »ˆ0. Reproductive isolation between the populations can occur if the means of the trait di¡er between the populations, since that will decrease the frequency of mating between individuals coming from di¡erent populations (¢gure 1). The model allows for the possibility that mating is selective, meaning that mating itself changes the allele frequencies (Lewontin et al. 1968) .
In order to understand the impact of selection against hybrids, the model also accounts for selection acting on the rest of the genome. These genes can be under any form of selection and can show any kind of genetic interaction (epistasis). This set of genes is denoted by H.
A fraction m of the island population consists of newly arrived migrants from the other population. The mean trait value in the migrants is written as T 0 and the frequency of allele 1 at locus i is p 0 i . If the migrant pool changes in time, for example as the result of emigration from the focal population, then T 0 represents the mean among the migrants in the current generation.
The model also applies to one-way hybridization between sympatric populations. In this case, m represents the rate at which pure genotypes of the other population hybridize with the focal species. The focal species (the one described by the trait mean T, allele frequencies p i , etc.) is now de¢ned to include all the F 1 hybrids and their descendants. However, the case of an island receiving migrants from a continent is easier to describe and so the rest of the paper talks about that case with a constant migration rate m.
(a) Evolution of the trait mean
When evolutionary forces are weak, a population rapidly settles into a state known as`quasi-linkage equilibrium' (Kimura 1965; Nagylaki 1976; Barton & Turelli 1991) . That situation holds in this model when the di¡er-ences in the relative ¢tness between alleles (and groups of alleles) are much smaller than 1, when the genetic changes caused by migration are small and when the contributions of individual loci to the degree of assortment (») are small. In that case the evolutionary dynamics are very well approximated by simple mathematical expressions (Barton & Turelli 1991) . Appendix A derives an approximation for the rate of evolution of the assortment trait under these conditions that allows for any pattern of genetic linkage and accounts for the e¡ects of stabilizing selection.
The general result from Appendix A simpli¢es substantially when there is free recombination between the assortment trait loci and the loci causing hybrid incompatibility, and when stabilizing selection on the assortment trait is weak. In that case, the evolutionary change in the trait mean over a single generation is
where is the directional selection gradient acting on the assortment trait and I measures the intensity of the selection against immigrants and hybrids. The direct selection on the assortment trait appears as the ¢rst term on the right-hand side of equation (1). The selection gradient ( ) is the regression of the lifetime relative ¢tness onto the trait value (Lande & Arnold 1983) , and includes both survival and mating success. If the assortment trait is selectively neutral, ˆ0. The gradient may change in time as the trait evolves. When the trait is controlled by just a single locus, is approximately equal to the selection coe¤cient favouring allele 1 over allele 0.
The second term on the right-hand side of equation (1) re£ects migration, which pulls the mean of the population closer to that of the migrants. The third term shows the e¡ect of selection on genes other than those underlying the assortment trait. This includes hybrid incompatibilities caused by selection against foreign alleles and also against un¢t combinations of genes generated by recombination. The intensity of this selection is measured by I. This term, which includes the e¡ects of selection on all genes other than those that in£uence the assortment trait, is de¢ned as
where r Ai is the recombination rate (that is, the probability that the loci in the set that includes A and i will be broken apart by recombination). The summation is taken over all non-empty subsets A of the loci in H (see Appendix A). The variable t takes a value 0 if migration occurs after selection acts on hybrid incompatibilities in each generation and the value 1 if it happens before. The selection coe¤cients (s A s) in equation (2) measure the strength of the selection acting on the genes in set A. By choosing the s A s appropriately, any form of selection can be represented (Barton & Turelli 1991) . The value of I is less than 1 under the weak selection approximation. Kirkpatrick & Servedio (1998) calculated I for a model for epistatic incompatibilities of the sort known from analyses of hybrids in Drosophila (Dobzhansky 1940; Muller 1942; Orr 1995) . Other forms of selection, for example selection against hybrids that are ecologically intermediate, can be studied in the same framework (M. Kirkpatrick, unpublished data) . This paper does not commit to a speci¢c type of selection against hybrids, so the results apply to any form of hybrid un¢tness. The e¡ect of selection against hybrids and immigrants on the assortment trait, which is re£ected in the third term of equation (1), is proportional to the migration rate m. That is because indirect selection is at work: selection on hybrid incompatibility genes causes assortment trait genes to evolve because of the linkage disequilibria (genetic correlations) between them. These disequilibria are in turn produced by migration.
Two useful conclusions immediately follow from equation (1). The ¢rst is that the intensity of the selection against hybrid incompatibility (I) has the e¡ect of simply decreasing the impact of migration. This can be seen by rearranging the last two terms to give m(1 ¡ I)(T 0 ¡ T ). Thus, the force of migration is reduced from m to m(1 ¡ I), which I refer to as the e¡ective migration rate. In other words, the homogenizing e¡ect of the gene £ow is decreased by a fraction I as a result of selection on the hybrid incompatibility.
A second observation about equation (1) is that », the strength of the assortative mating, does not appear explicitly. It turns out that assortative mating only a¡ects evolution of the trait indirectly, through its impact on the additive genetic variance G and the directional selection gradient .
When the genetic variation in the assortment trait is caused by more than one locus, assortative mating creates a linkage disequilibrium between the genes. Positive assortment (»4 0) generates a positive linkage disequilibrium, which in£ates G and makes the trait more responsive to local selection pressures. How much is the additive genetic variance changed by assortative mating ? There is a simple answer to that question if one assumes that the allele frequencies are not changed substantially by the strength of the correlation between mates. In that case, Fisher (1918) and Wright (1921) showed that, for a trait with diallelic loci, the genetic variance is GˆG 0 /(1 ¡ »h 2 0 (1 ¡ (1/n E ))), where G 0 is the trait's genetic variance and h 2 0 its heritability under random mating, and n E is the e¡ective number of loci. (Fisher's (1918) and Wright's (1921) expressions included a factor of 2 multiplying n E because those models are diploid.) This result for G shows that the genetic variance can be increased substantially when there is a large e¡ective number of loci, high heritability and strong assortment. On the other hand, when the trait is a¡ected by only a single segregating locus (n Eˆ1 ), the assortment has no e¡ect on its genetic variance.
(b) Equilibrium for the trait mean
How much will the assortment trait mean diverge from that of the migrants at equilibrium? The answer depends on the selection gradient . One situation of interest is when the assortment trait is free of direct selection and only a¡ects who mates with whom. In that case, the directional selection gradient vanishes. Equation (1) then says that the equilibrium for the assortment trait is equal to its value among the migrants. That is, there will be no divergence for the assortment trait, even when migrants and hybrids are selected against. This result seems at odds with those from earlier theoretical studies and an explanation will be suggested shortly.
In other cases, traits that cause assortative mating experience direct selection. Body size, for example, is frequently correlated between mates and is also subject to selection from ecological factors. The simplest situation involving direct selection is when the assortment trait is under natural selection with constant relative ¢tnesses. When the assortment trait is controlled by a single locus, the model reduces to the continent^island model studied by Haldane (1930) . If the continent is ¢xed for a foreign allele, then the locally adapted allele reaches equilibrium at a frequency 1 ¡ (m(1 ¡ I)/s) if the strength of selection s favouring it is stronger than the e¡ective migration rate m(1 ¡ I ). However, if the selection is weaker than the migration the locally adapted allele is lost to the swamping e¡ect of gene £ow.
When the assortment is based on a quantitative trait subject to natural selection towards an optimum, we can approximate the directional selection gradient as ˆ2¡(T ¡ ). Here is the value of the trait that maximizes the lifetime ¢tness and ¡ is the stabilizing selection gradient (Lande & Arnold 1983 ) evaluated at . (¡ is negative under stabilizing selection.) This expression assumes that the ¢tness function is relatively smooth (speci¢cally that its third and higher derivatives near the optimum are negligible) and that the trait's phenotypic Evolution of an assortatively mating trait M. Kirkpatrick 1651 distribution is not skewed. The amount of divergence between the trait mean in the population and the migrants at equilibrium is then found using equation (1) with ¢T set to zero, which giveŝ
where
andT is the assortment trait mean at equilibrium. K, which is positive when the assortment trait is under stabilizing selection (¡5 0), measures the degree to which introgression from hybridization pulls the trait away from its local ecological optimum. This result has a simple interpretation, which is illustrated in ¢gure 2. The mean value of the trait reaches a compromise between selection favouring the optimal trait value and introgression caused by hybridization. Divergence from the other population is greatest when the trait has high heritability, stabilizing selection is strong and there is strong hybrid incompatibility (that is G, ¡ and I are large). These conditions favour an equilibrium that lies close to the trait optimum. Again we see that I has the simple e¡ect of decreasing the e¡ective migration rate. Reasonably enough, the divergence decreases as the hybridization rate m increases. If the assortment increases the additive genetic variance as discussed earlier, then the heritability will be in£ated. As a result, the equilibrium will lie closer to the local ecological optimum and further from the mean of the migrants.
(c) Selective mating
Assortative mating can occur without changing the allele frequencies. This happens when there is a correlation between the phenotypes of mates, but all phenotypes have the same average mating success. On the other hand, some mating systems produce not only assortment but also directional selection on the assortment trait. This is known as selective mating (Lewontin et al. 1968 ) and it often involves frequency-dependent mating success.
Selective mating can be easily accommodated in the model by using an appropriate expression for the selection gradient that re£ects the mating system. Many schemes for assortment have been proposed (e.g. ) and an in¢nite number of others could be. In fact, the simulation models for the evolution of an assortment trait in a cline studied by Crosby (1970) , Dickinson & Antonovics (1973) and Caisse & Antonovics (1978) generate selective mating.
However, we can learn something about the consequences of selective mating without committing to speci¢c assumptions about the mating system. A standard stability analysis of equation (1) shows that an equilibrium will be unstable if the assortment trait is under su¤ciently strong disruptive selection. Many forms of assortative mating can lead to just this situation, for example the simple`mass action' rule in which individuals that meet are more likely to mate if they share an allele in common Moore 1979) . The mass action rule creates a positive frequency-dependent selection that favours whichever allele is most common; the equilibrium at pˆ0:5 is unstable.
Selective mating can in itself generate a cline in an assortment trait, even when there is no ecological selection acting on that trait or any other genes. With mass action mating, for example, the positive frequency dependence can cause a very slight initial cline to be exaggerated in time. Moore (1981) suggested that this is the underlying cause of the cline in the £owering time that appeared in the simulations run by Crosby (1970) .
Perhaps the most interesting result to come from this model is that a selectively neutral assortment trait will not necessarily diverge between hybridizing populations as an adaptation for decreasing gene £ow. Thus, the £ow-ering time in plants, body size in animals and other traits that commonly cause assortative mating may often be poor at generating pre-zygotic isolation unless selection acting directly on those traits favours them diverging in the two populations.
This conclusion can be understood by comparing the strengths of the forces that homogenize the populations with those that cause divergence. Gene £ow is a ¢rst-order force: it causes the assortment trait in the local population to converge to that of the migrants at a speed proportional to the migration rate m. Selection against un¢t migrants and hybrids favours divergence of the assortment trait, but that is a weaker force (Crosby 1970) . That is, selection against hybrids is transmitted to the assortment trait genes via imperfect genetic correlations (linkage disequilibria) that mitigate its impact. These genetic correlations are in turn proportional to the migration rate, since it is the mixing of the populations that produces the disequilibria. Thus, the e¡ect of selection against hybrids is a second-order force: it is proportional to the product of the selection coe¤cients acting on hybrid incompatibilities and the migration rate m. This argument is re£ected in equation (1) Parallel conclusions hold for reinforcement with mating preferences. Kirkpatrick & Servedio (1998) found that a selectively neutral, female mating preference will diverge in two hybridizing populations only if natural or sexual selection maintains the di¡erences between the populations for the means of a male display trait that the preference acts on. Without a di¡erence in the male trait, introgression will ultimately erase any genetic di¡erences between the populations for the preference.
Earlier simulation work has suggested that selection against maladapted hybrids can cause populations to diverge for a selectively neutral assortment trait so that introgression is decreased (Dickinson & Antonovics 1973; Caisse & Antonovics 1978; Felsenstein 1981) . That conclusion seems to contradict the main conclusion drawn here. The explanation seems to be that divergence only occurs in the simulations when there are very strong ¢tness e¡ects of individual genes, a possibility that is not allowed for in my analytical approximations. Take, for example, Felsenstein's (1981) model. He simulated the evolution of a selectively neutral locus for assortative mating and two other loci that were selected divergently in two populations. Felsenstein (1981) found that the allele frequencies at the assortment locus could diverge in the two populations, but only if all three loci had very large e¡ects. For example, divergence occurred when a single assortment allele caused a correlation of »ˆ0:5 between the genotypes of mates and each of the directly selected loci had ¢tness e¡ects of sˆ0:5. However, when the assortment or selection was weaker no divergence occurred at the assortment locus (Felsenstein 1981, ¢g. 1) . Likewise, large gene e¡ects were needed to produce a cline in the £owering time in the simulation models studied by Antonovics and colleagues (Dickinson & Antonovics 1973; Caisse & Antonovics 1978) .
The simulation results point to a major limitation of my analytical model. The approach used in this paper assumes that selection and migration are weak and that there is no genetic dominance (since the population is haploid). The method used in this paper assumes that selection on individual genes and combinations of genes is not strong. With very strong selection, evolutionary outcomes that are qualitatively di¡erent than those seen under weaker selection can appear. Thus, the conclusion drawn here, that divergence requires direct selection on the assortment trait, is contingent on the genes not having very large ¢tness e¡ects. The question of how common strongly selected genes are in natural populations is a matter of debate (see, for example, Orr & Coyne 1992; Schemske & Bradshaw 1999) .
Even if assortment traits do not often evolve as adaptations for decreasing hybridization, they may be very important causes of reproductive isolation if they diverge for other reasons. An example comes from studies of recently formed stickleback species by Schluter and colleagues. It appears that these species have diverged morphologically in response to ecological pressures and that assortative mating based on those traits has brought about reproductive isolation as a side-e¡ect (Schluter & Nagel 1995; Nagel & Schluter 1998; Rundle et al. 2000) . There is also evidence that selection against hybrids has secondarily reinforced the pre-mating isolation (Rundle & Schluter 1998 ).
This view of assortment's role in speciation is quite di¡erent from that of Fisher (1958, p.142) . He suggested that any mechanism that increases pre-mating isolation will be favoured by selection when hybrids are poorly adapted to local ecological conditions. From that logic, a selectively neutral assortment trait should diverge when hybrids are selected against, but the results above show that that generally will not happen. However, if direct selection on an assortment trait causes it to diverge in two populations, additional selection against maladapted hybrids will enhance that di¡erence.
The paradigm ¢eld study by McNeilly & Antonovics (1968) was described brie£y in ½ 1. They found that adjacent plant populations on di¡erent soils had evolved di¡erent average £owering times. Although they favoured the idea that the £owering times had diverged as an adaptation for decreasing gene £ow, they also presented the alternative hypothesis that direct selection favours di¡erent £owering times in the two populations. The results from this study suggest that either £owering times are under direct selection or that there are genes of major e¡ect at work. Field studies of direct selection acting on the £owering time in their populations, using for example the methods developed by Lande & Arnold (1983) , would be valuable. Information on the size of the e¡ects that individual loci have on adaptation to soil type and on £owering times would also be very useful. Isolation caused by direct selection on £owering times and genes with major e¡ects on metal tolerance have been found in plants (Macnair & Gardner 1998) . It would be most interesting to see whether one or both factors are contributing to the isolation between these closely adjacent populations. 
APPENDIX A
This appendix develops the model in detail. The approach uses the notation and results developed by Barton & Turelli (1991) and Kirkpatrick & Barton (1997) . An introduction to Barton & Turelli's (1991) approach is given in Kirkpatrick & Servedio (1998) .
Genetic variation in the trait that is the basis for assortative mating is caused by one or more genes. These genes can have any distribution of e¡ects and any linkage relations, but are assumed to act additively. Two alleles, named 0 and 1, segregate at each locus. The phenotype of an individual is the sum of the e¡ects of the alleles that it carries and a random environmental e¡ect de¢ned so that it has a mean of 0. An individual's phenotype can be written as
where T is the population mean at the start of the generation, ® i is the e¡ect of replacing allele 0 by allele 1 at locus i, X i is the value (0 or 1) of the allele at that
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where ¢p i is the change in the allele frequency at trait locus i. The notation i 2 T means that the summation includes one term for each of the loci i in the set T that a¡ect the trait. The assortment trait evolves in response to three forces: direct selection acting on the trait, indirect selection acting on the genes correlated to those underlying the trait and gene £ow from the other population. We can write the change in the frequency of allele 1 at trait locus i in one generation using Barton & Turelli's (1991) notation exactly as
is the linkage disequilibrium between loci in the set that includes U and i, with D iiˆpi (1 ¡ p i ). The summations in equation (A3) are over all subsets of the set listed to the right of the . If the set of trait loci T consisted of loci i and j for example, then in the ¢rst summation of equation (A3) U would take on the values {i}, { j} and {i, j}. The s U s that appear in equation (A3) are the selection coe¤cients acting on the loci in set U. By choosing them appropriately, any form of selection can be represented (Barton & Turelli 1991) . The selection coe¤cients for an additive character such as the assortment trait are
where is the directional selection gradient and ¡ is the stabilizing selection gradient acting on the trait (Kirkpatrick & Servedio 1998) . Here, the selection gradients, which were de¢ned by Lande & Arnold (1983) , include the e¡ects of both natural and sexual selection across the entire generation. (The expression for s ij di¡ers by a factor of 2 from that in Kirkpatrick & Servedio (1998) in order to make this paper consistent with Lande & Arnold's (1983) de¢nition.) The selection coe¤cients in equation (A5) are approximations that assume that the ¢tness function is relatively smooth, speci¢cally that its third and higher derivatives near the trait mean are negligible.
We can now ¢nd the change in the mean value of the assortment trait over one generation. Putting together equations (A2)^(A5) and a result for the three-way disequilibrium D ijk from Kirkpatrick & Servedio (1998, equation (C11)) gives
where GˆX X i, j2T
is the additive genetic variance for the assortment trait,
and r ijk is the recombination rate between loci i, j and k. The indicator variable t is 0 if migration occurs before selection acts on the assortment trait and is 1 otherwise. This expression is an approximation in which terms that are third order in the selection coe¤cients and migration rate have been dropped (see Barton & Turelli 1991; Kirkpatrick & Servedio 1998) . Equation (A6) is this paper's most general result for the rate of evolution of the assortment trait. The ¢rst term on the right re£ects the direct impact of migration. The second and third terms result from selection acting directly on the assortment trait (corresponding to the second term in equation (A3)). The last term results from selection on loci other than those for the assortment trait, including those that cause low ¢tness in hybrids.
This result simpli¢es substantially if we are willing to make two further assumptions. If the force of stabilizing selection is su¤ciently weak, then the term involving ¡ will be small relative to the second term on the righthand side of equation (A6) and so it can be neglected. If the genes a¡ecting the assortment trait are not linked to those involved in hybrid incompatibility, then the last term in equation (A6) simpli¢es and the expression for the change in the mean of the assortment trait is given by equation (1) in the text.
